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Abstract 
In this study, the tribological performance of Polyamide (PA) based hybrid composites have filled with short jute fibers (JF) and 
nano ZnO particles, which are fabricated with different volume fractions, and it was machined (test specimens) as per ASTM-
G99 standard. Wear tests were conducted by pin-on-disc (POD) test rig, is a new test setup for online measuring of wear rate 
(WR) and friction coefficient (COF). Experiments were conducted based on central composite rotatable design (CCD), with the 
input parameters like normal force (NF), sliding velocity (SV) and reinforcements (RF) on wear rate and friction coefficient. The 
mathematical models were developed by using response surface methodology (RSM). Analysis of variance (ANOVA) test also 
carried out to check the adequacy of the developed empirical models. The debris and the worn out surfaces were observed 
through scanning electron microscope (SEM). Despite extensive research on composites, determining the desirable operating 
conditions in industrial setting still relies on the skill of the operators and trial-and-error methods. The main intension of this 
work is to optimize the tribological variables for minimum wear and friction based on multi-objective optimization techniques 
(MOOT). This was probably due to the fact that PA has good flexibility and for the incorporation of reinforcements, it is believed 
that a continuous thin coherent transfer films and tribo chemical reactions were involved by hybrid composites on the steel 
counterface, which contributes a lower friction and wear. This debris was re-adhered on the mating surfaces which improves the 
wear resistance and prevent the oxidation and degradation behavior more effectively, which might be one of the anti-wear 
mechanisms of nano ZnO fillers. Both wear rate and friction coefficient of the hybrid composites were significantly lower than 
those of the pure polyamide. 
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1. Introduction 
Polymers and their composites are being increasingly employed in view of their good strengths and 
corrosion resistance. Besides, a wider choice of materials and ease of manufacturing make them ideal for 
engineering applications like aerospace, automotive and chemical industries. Providing higher strength to weight 
ratio, it alternate the traditional materials like metals and ceramics. The features that make the polymer composites 
in industrial applications are the opportunities to tailor their properties with special fillers. For instance, short fiber 
reinforcements such as carbon and glass fibers have been successfully employed to improve the strength and 
therefore the load carrying capacity of polymer composites can also be improved by Chang et al [1]. Unal et al [2] 
observed some industrial polymers slide against steel disc which results better tribological approach, because of its 
self lubricating properties are exploited to avoid the need for oil or grease lubrication with its attendant problems of 
contamination. In another experimental study made by Srinath et al [3] polyamide 6 with clay nano composites, the 
nano structured polymers have shown drastic enhancements in stiffness, chemical inertness strength, fire retardency 
and thermal properties without increasing the density of composites. On the other hand, the resent investigations 
about PTFE, glass and nano ZnO hybrid composites shows that a better adhesion between polymers and nano 
particles which is believed to avoid particles pulling out and thus to reduce the WR observed by Feng et al [4]. 
Several studies have been tried to improve the tribological behavior of polymer composites, however PA66 exhibits 
a high crystalline melting point, good resistance to solvents, high strength, ease of fabrication and high wear resis-
tance. HDPE has excellent low temperature flexibility, low cost, resistance to moisture permeation and good 
tribological properties. Therefore, the blends of PA6 and HDPE may be prepared to provide the most desirable 
properties of both polymers, while avoiding their major drawbacks. In view of these considerations, the authors 
reported in an earlier study the structure, mechanical properties, and tribological behaviors of the polyblends made 
from these polymers [5]. Erol et al [6] illustrated that the tribological behavior of polymers like PTFE, POM-H, 
PAG6 + oil, PA6C and PA6G/Mg were studied under the effect of smooth and rough surfaces. Consequently, very 
little literature is available about the effect of jute fibers and ZnO nano particles on the friction and wear behavior of 
PA hybrid composites. The objective of this work is to investigate the effect of reinforcements on friction and wear 
behaviors of hybrid composites. According to this study, a hybrid composite shows better performance on friction 
and wear. With this in mind, we choose treated jute fibers as the reinforcing element and nano ZnO were directly 
incorporated with polyamide interfaces.  A series of JF/ZnO/PA hybrid composites were prepared, the tribological 
properties of the composites are reported. 
2. Experimental Setup 
2.1. Materials and composites preparation 
 
A commercial Polyamide 66 resin was considered as the matrix, density of nano particles is 3g/cm3with dia 
19 nm and jute fibers with 6 μm dia were mixed with different volume fractions like1.0 to 3.0 % and 1.5 (constant) 
by using mechanical stirrer and sonicator process is shown in Fig.1. While fabrication, the polymerization reaction 
causes cross-linking among individual molecules and reinforcements thus it enhance tribological performance and it 
is applicable for brake linings at low cost. The short jute fibers was oxidized by boiling in sodium hydroxide acid 
under reflux for 3 hrs (T=300C), then it was washed with distilled water to maintain neutral pH.This treatment was 
employed just before the fabrication of hybrid composites. Nano powders have an anti electromagnetic behavior and 
γ-aminopropyltriethoxnysilane (APS) also added for disperse/exfoliate the nano fillers into polyamide matrix.  
 
 






                                            Fig.1: Polyamide hybrid composites preparation 
 
2.2. Evaluation of tribological properties 
 
The cylindrical composite pin (test specimen of 10mm ɸ X 20mm L) was tested in pin-on-disc (POD) wear 
tester with data acquisition system are presented in Fig.2, as per ASTM-G99 Standard. It is versatile equipment 
designed to study wear and friction under different parametric conditions. Sliding generally occurs between a 
stationary pin and rotating disc. The disc rotates with a help of a D.C. motor having the speed range of 0-600 
rev/min.The smooth and hardened steel disc surface (SS 316 HSS, hardness 72 HRC) served as a counterpart and 
was finished by an abrasion against 1200-SiC grade sheet with provided a roughness of Ra 0.6-0.7μm. The pin was 
perpendicular to the counterpart and parallel to the sliding direction. Prior to the test the pin was rubbed over a 400-
SiC grade sheet to ensure proper contact between pin and disc. The surface of both pin and disc were cleaned with a 
soft paper soaked in acetone prior to actual testing. The material loss from the composite surface was measured 
using a precision electronic weighing balance with an accuracy of ±0.001 mg. The real time data has been collected 
from data acquisition system. COF was measured by a load cell sensor directly from the computer running friction-
measuring software. 
  
     Tested SEM Samples    Data acquisition system     Pin-On –Disc Wear Tester  
 
                                                                        Fig.2. Tribological tester and SEM specimen  
Hybrid 
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Table. 1: Process parameters and their levels 
 
Parameter -1.682 -1 0 +1 +1.682 
Normal force (N) 2 3 4 5 6 
Sliding Velocity (m/sec) 0.2 0.4 0.6 0.8 1.0 
Hybrid Polymer Matrix Composites 
(Polyamide + Nano ZnO + Jute 
Fibers)  
 
97.5+1.0+1.5 97.0+1.5+1.5 96.5+2.0+1.5 96+2.5+1.5 95.5+3.0+1.5 
 
Table. 2:  Values of coded and actual of each parameter used in this work 
3. Response surface methodology 
Response surface methodology (RSM) is the procedure for determining the relationship various between 
process parameters with the various tribological criteria and exploring the effect of these process parameters on 
the coupled responses Montgomery [7]. In order to study the effects of the tribological parameters on the 
above-mentioned two most important tribological criteriaWR and COF. A second-order polynomial response 
surface empirical model can be developed as follows to evaluate the parametric effects on the various 
tribological criteria. 
Sl.No Normal load(N) Sliding velocity(m/sec) % nanoZnO 
WR (mm3/Nm) COF (μ) 
1 3 0.4 1.5 0.613  0.265 
2 5 0.4 1.5 0.621 0.290 
3 3 0.8 1.5 0.619 0.279 
4 5 0.8 1.5 0.609 0.301 
5 3 0.4 2.5 0.439 0.391 
6 5 0.4 2.5 0.422 0.408 
7 3 0.8 2.5 0.435 0.450 
8 5 0.8 2.5 0.422 0.401 
9 2 0.6 2.0 0.428 0.365 
10 6 0.6 2.0 0.413 0.397 
11 4 0.2 2.0 0.410 0.409 
12  4 1.0 2.0 0.452 0.409 
13 4 0.6 1.0 0.921      0.402 
14 4 0.6 3.0 0.481 0.411 
15 4 0.6 2.0 0.501 0.420 
16 4 0.6 2.0 0.512 0.421 
17 4 0.6 2.0 0.421 0.421 
18 4 0.6 2.0 0.489 0.411 
19 4 0.6 2.0 0.490 0.402 
20 4 0.6 2.0 0.511 0.311 
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Where Yu is the corresponding response, e.g. the WR and COF created by the various process variables of 
tribological parameters. airepresents the linear effect of xi, aiirepresents the quadratic effect of xiand 
aijreveals the linear-by-linear interaction between xiand xj. The second term under the summation sign of the 
polynomial equation i.e. Eq. (1) attributes to linear effects, whereas the third term of the above equation 
represents the higher order effects and lastly the fourth term of the above equation includes the interactive 
effects of the process parameters. Due to wide range of factors, it was decided to set three factors, five levels. The 
present investigation studied the results of the effects of NF, SV and nano fillers on WR and COF. The design 
matrix comprises, a full replication of 23 (=8) factorial design, plus six centre points and six star points at a distance 
of 1.682 units from the centre points. The first 8 rows correspond to the factorial portion, the rows from 9 to 14 
correspond to the axial portion and last 6 rows correspond to the centre point portion. Therefore, the experimental 
design consists of 20 (8 + 6 + 6 = 20) experimental runs.The values of process parameters and their levels are listed 
in Table.1. The values of coded and actual of each parameter used in this work based on Central Composite 
Rotatable Design (CCD) was adopted in the present study is shown in Table.2. 
 
4. Development of empirical models based on RSM 
 
After knowing the values of the observed response, the values of the different  regression coefficients of 
second order polynomial empirical equation i.e. Eq. (1) have been evaluated and the empirical models based on 
RSM have been developed by utilizing test results of different responses obtained through the entire set of 
experiments by using a computer software, MINITAB.16. The effects of various tribological process variables on 
WR and COF have been evaluated by computing the values of different constants of Eqn.(1) utilizing the relevant 
experimental data from Table 2. The empirical relationship for correlating the WR and COF the considered 
tribological process parameters is obtained as follows: 
 
WR = 1.32703- 0.11760A - 0.40523B - 0.17380 C + 0.01609A2+0.04915B2-  
0.00914C2 -0.10750AB + 0.03550AC + 0.21250BC                                                            (2) 
 
COF = 0.310468- 0.023756A - 0.36506B - 0.068239C +0.000227A2 - 0.1068018B2 +  
 0.003409C2+0.009375AB+0.004250AC+0.038750BC                                                       (3) 
  
Equation 2 and 3 developed empirical models based on composite desirability optimization technique.  
 
 
5. Analysis of the developed empirical models 
 
The analysis of variance (ANOVA) and the F-ratio test have been performed to justify the goodness of fit 
of the empirical models. The calculated values of F- ratio for lack of fit have been compared to standard values of F-
ratio corresponding to their degrees of freedom to find the adequacy of the different developed empirical models. 
The F-ratio has been calculated as a ratio of Mean sum of square of source to mean sum of experimental error.
  
 The fit summary recommended that the empirical model is statistically significant for analysis of WR. The 
value of R2 is over 99.76 %, which means that the empirical model provides an excellent explanation of the 
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relationship between the independent variables (factors) and the response (WR).The associated P-value for the 
model is lower than  0.05(i.e., p=0.05,or 95% confidence) indicates that the model is considered to be statistically 
significant. 
 
Table 3. Analysis of Variance Table for WR 
 
                      Source                                DF        Seq SS           Adj SS             Adj MS           F 
Regression                                        9 0.102293 0.102293 0.011366 882.01 
Linear                                             3 0.085080 0.001810 0.000603 46.81 
Nor. For(N)                                  1 0.080372 0.001403 0.001403 108.87 
Sli. Vel(m/sec)                              1 0.000676 0.000683 0.000683 52.99 
RF                                                 1 0.004032 0.000688 0.000688 53.35 
Square                                             3 0.007382 0.007382 0.002461 190.95 
Nor. For(N)*Nor. For(N)             1 0.007092 0.006510 0.006510 505.18 
Sli. Vel(m/sec)*Sli. Vel(m/sec)   1 0.000159 0.000097 0.000097 7.54 
RF*RF                                          1 0.000131 0.000131 0.000131 10.18 
Interaction                                      3 0.009831 0.009831 0.003277 254.30 
Nor. For(N)*Sli. Vel(m/sec)        1 0.003698 0.003698 0.003698 286.97 
Nor. For(N)*RF                           1 0.002520 0.002521 0.002521 195.59 
Sli. Vel(m/sec)*RF                       1 0.003613 0.003613 0.003613 280.34 
Residual Error                                  10 0.000129 0.000129 0.000013  
Lack-of-Fit                                     5 0.000124 0.000124 0.000025 2.16 
Pure Error                                       5 0.000005 0.000005 0.000001  
Total                                                 19 0.102422    
      
 
Table 4. Analysis of Variance Table for COF 
 
 
                      Source                                DF    Seq SS         Adj SS       Adj MS              F 
Regression 9 0.000891 0.000891 0.000099 135.00 
Linear 3 0.000147 0.000120 0.000040 54.47 
Nor. For(N) 1 0.000033 0.000057 0.000057 78.04 
Sli. Vel(m/sec) 1 0.000046 0.000006 0.000006 7.55 
RF 1 0.000068 0.000106 0.000106 144.50 
Square 3 0.000560 0.000560 0.000187 254.55 
Nor. For(N)*Nor. For(N) 1 0.000019 0.000001 0.000001 1.77 
Sli. Vel(m/sec)*Sli. Vel(m/sec) 1 0.000523 0.000459 0.000459 625.77 
RF*RF 1 0.000018 0.000018 0.000018 24.90 
Interaction 3 0.000184 0.000184 0.000061 83.79 
Nor. For(N)*Sli. Vel(m/sec) 1 0.000028 0.000028 0.000028 38.34 
Nor. For(N)*RF 1 0.000036 0.000036 0.000036 49.25 
Sli. Vel(m/sec)*RF 1 0.000120 0.000120 0.000120 163.76 
Residual Error 10 0.000007 0.000007 0.000001  
Lack-of-Fit 5 0.000004 0.000004 0.000001 1.20 
Pure Error 5 0.000003 0.000003 0.000001  
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Similarly the value of R2 for COF is98.45 %,which means that the empirical model provides an excellent 
explanation of the relationship between the independent variables (factors) and the response (COF).The associated 
P-value for the model is lower than  0.05(i.e., p= 0.05,or 95% confidence), which indicates that the model is 
considered statistically significant. 
 
The standard percentage point of F distribution for 95%confidence limit is 0.05. As shown in Table.3 and 
4. The F- values (2.16 and 1.20) for lack of fit are smaller than the standard value. Thus both the models are 
adequate. 
6. Results and discussion 
  
  
     Fig. 3(a) Influence of Normal force    and RF    
                                on WR 
Fig. 3(b) Influence of Normal force and Sliding    
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 2N, 0.2 m/sec, 2.5 RF 
Fig. 3(d)  
 
3N, 0.4m/sec, 3.0 RF 
Fig. 3(e)  
4N, 0.6m/sec, 3.5 RF 
Fig. 3(f) 
 
                                          Fig. 3(d-f) SEM images of Hybrid Polyamide Composites 
 
 The estimated response surface plot for WR is shown in Fig. 3(a). WR linearly increases with normal force 
to certain limit then decreases, but the addition of reinforcements WR gradually increases. It is partially attributed to 
the excessive frictional heat originated due to increasing of normal forceat the counter surface. This result shows due 
to excessive deterioration of the composites and more debris transfer to counterpart surface, hence WR increase. 
Furthermore it increases the composites leads to excessive damage of the fibers that results a thin, uniform and 
coherent transfer film forms at the surface of the disc, thus result in a disproportionate increase in wear loss which is 
shown in SEM Fig. 3(d) [8]. On the other hand by the addition of reinforcements WR linearly increases, it shows 
that the aggregation of reinforcements uniformly distributed on the sub surface of polyamide composites which 
reduces the destruction of polymer composites during wear process [9]. 
  
 Plots of sliding velocity and normal force on the influence of WR are shown in Fig. 3(b). WR increases 
with normal force. It shows while sliding, plastic flow traces and plowed marks appeared on the worn surfaces of 
composites, which are parallel to sliding direction, it suggests that the wear process was governed by the plastics 
deformation. At the same time, the uniform and continuous transfer film formed on the surface of the disc. As for as 
the role of transfer film, it is widely believed that it can prevent the polymer composites from directly contacting the 
hard metal surface and intensely decrease plowing damage and improve the wear resistance [10]. Fig. 3(e) shows the 
SEM images of the wornout area, it is clear that WR linearly decrease with increase of sliding velocity, this would 
be attributed that the real contact area and the decrease in the shear strength of composites [11].  
 
 The surface plot of sliding velocity and reinforcements on WR is shown in Fig. 3(c). WR linearly increases 
with sliding velocity. This could be because, during sliding the surfaces are in contact and it converts kinetic energy 
into heat energy which causes the thermal softening of composites as well as shear, it leads to increase in WR 
[12].The reinforcements are generally anchor the transfer film to the counter face, thereby increasing bonding 
strength and reduce the resistance of wear. SEM image Fig. 3(f) illustrates that the reinforcements increases, WR 
decreases is owing to the polishing effect of the counter faces, causes in reduction in the abrasive effect of the disc 
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Fig.4(c) Influence of Sliding velocity and RF on COF 
 
Fig.4( b) Influence of Normal force and Sliding velocity on COF 
 
Fig.4(a) Influence of Normal force  and RF on COF 
 
 
2108   P. Rajasekhar et al. /  Procedia Engineering  97 ( 2014 )  2099 – 2109 
 
  
5N, 0.8m/sec, 4.0 RF 
Fig.4(d) 
 
6N, 1.0m/sec, 4.5RF 
Fig.4(e) 
                                        
Fig. 4(d-e) SEM images of Hybrid Polyamide Composites 
 
 Fig. 4(a, b and c) represents the surface plots of COF on normal force, sliding velocity and reinforcement. 
Initially COF increases after attain the maximum limit it decreases for all the cases. It is known that polymers are 
visco elastic materials and that their deformation under the load is visco elastic. Fig. 4 (d,e) reveals the SEM images 
of debris on the steel disc. Moreover the critical surface energy of polymer leads to frictional heat temperature on 
the contact area, which leads to relaxation of polymer molecule chains; it causes COF increases [14]. After attain the 
maximum limit it tends to decreases for both, it is due to formation of transfer film on worn surfaces, it can polish to 
a certain extent owing to softening of the adhesive resin can explain the decreasing of COF [3].  
7. Multi-objective optimization using response surface methodology 
 Optimization of the process parameters has been carried out using RSM optimization technique. 
Desirability for the whole process optimization has been calculated to show the feasibility of optimization, i.e., to 
explore whether all the parameters are within their working range or not. The goal was to minimize the WR and 
minimize the COF, while both are considered at a time. The composite desirability is close to one. Fig.5 exhibits 
optimization plot for the both responses. The optimum values from the plot are WR=0.6499(mm3/Nm) and 
COF=0.1044(μ) and the relevant parameters like normal force, sliding velocityand reinforcements are 2.0 N, 
0.2970(m/sec) and3.5707(%Vf) respectively. 
 
 
Fig.5 Optimization plot 
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8. Conclusions 
x The experiments were conducted on a pin on disc wear testing machine for hybrid 
composites. The responses were WR and COF.  
x The second order polynomial model developed for WR and COF were used for optimization.  
x The optimum values obtained through RSM were WR is 0.6499 mm3/Nm and COF is 0.1044 
μ, and the relevant parameters normal force, sliding velocity and reinforcements are 2.0 N, 
0.2970 m/sec and 3.5707Vf respectively.  
Scope for future research 
x The optimization of sliding conditions can be applied for wear behavior of Polyamide by including 
more control parameters. 
x Different nano powders can be used to study the comparative performance of wear behaviour. 
x Wear debris analysis can be adopted for studying the wear behaviour. 
x Treated short jute fibers can be made before the fabrication of hybrid composites. 
x Wear tests can be conducted at elevated temperature to study its tribological behaviour. 
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